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THE CO-H2 CONVERSION FACTOR OF DIFFUSE ISM: 
BRIGHT i^cO EMISSION ALSO TRACES DIFFUSE GAS 

J. Pety\ H. S. Liszt ^ and R. Lucas ^ 



Abstract. We show that the Xco factor, which converts the CO lumi- 
nosity into the column density of molecular hydrogen has similar values 
for dense, fully molecular gas and for diffuse, partially molecular gas. 
We discuss the reasons of this coincidence and the consequences for the 
understanding of the interstellar medium. 



O 1 Introduction: Dense or diffuse gas? 

^^CO (J=l-0) emission is the mai n tracer of the molecular gas in our Galaxy as 
well as in external galaxies (see e.g. Lerov et al. . 20081: Bigiel et allbOOSl) . Yet, this 
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CO emission is ambiguous. Indeed, this CO emission is usually associated to cold 
(10-20 K), dense (> 10^ cm"-^), strongly UV-shielded, molecular gas [i.e. carbon 
atoms are mostl y locked in CO). However, it became more a nd more obvious over 
the last decade ( Liszt fc Lucasl [l998t [Goldsmith et "all . bOOSh that a large fraction 



of the CO emission in our Galaxy comes from warm (50-100 K), low density (100- 
500 cm~^), weakly UV-shielded, diffuse gas {i.e. carbon atoms are i nostly locke d 
C"*"). Moreover , at th e beginning of the history of the Xqo factor. iLisztl ( 1982f ): 



lYoung &: Scoville (1982) noted that diffuse and dense gas have similar factor. For 



instance, Wco ~ 1.5Kkms^^, — 5x10^" kms^^ toward ^Oph, a prototypical 
diffuse line of sight, and M^co = 450Kkms"\ Nh^ = 2 x 10^3112 toward Ori A, a 
prototypical dense gas line of sig ht. This triggers the question of the mean value 



prototypical dense gas ime 01 sig nt. inis triggers the question 01 
of the Xqo factor in diffuse gas (|Liszt et al.l . l2010l for details see 



j_] 2 How to measure the mean Nna/VFco conversion factor in diffuse 
gas? 

We quantify the Xqq conversion factor in diffuse gas from a sample acquired over 
the last 20 years. It is made from the study of whole Galactic lines of sight mea- 
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Fig. 1. Left: Example of the measurements available in emission (top) and in absorption 
(bottom) for one of the Galactic line of sights used in this study (for details see lPetv et all 
l2008h . Middle, top: Integrated VLA HI optical depth from [Garwood fc DickevI (|l989l ) 
and this work versus the total line of sight reddening from lSchleeel et al.l(|l998h . Middle, 
bottom: Total hydrogen column density versus integrated HI optical depth for the 
sources studied bv lHeiles fc Trolandl (|2003l). Right: CO luminosity versus the total line 
of sight reddening from ISchlegel et all l|l998h . 



sured in absorption against extragalactic continuum background sources. There 
are two different groups of lines: Either they have a low visual extinction (Ay^l) 
when they are observed at high galactic latitude (|6| ^ 15 — 20deg) or when they 
lie in the Galactic plane, their large total visual extinction (Ay ~ 5) can be di- 
vided in well separated velocity components, each one having 1 mag (see the 
left column of Fig. [T]for an example). Hence, all the gas studied here is diffuse. 
Indeed, the CO column density per velocity component on any line of sight is low, 
typically Nco < 2 x 10^^ cm^'', which implies that less than 7% of the carbon is 
locked in CO. 

The computation is then made in three steps. Firs t, the total hyd rogen column 
density is deduced fro m the Eb-v redden i ng maps of "Schlegel et al.l (tlQQS. ). using 
the standard relation ( Bohlin et al. . Il978t iRachford et al.l . \2(M\ 



Nh = Nhi + 2Nh2 = 5.8 X lO^^U cm-^ Eb-v ■ 



(2.1) 
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Second, we estimate the atomic gas fraction via the HI absorption measurements 
by writing it as the product of two terms 



(2.2) 



where the left term is directly measured from the data (middle, to p panel of Fig. [H 



while the right term is calibrated from the careful measurements of lHeiles Sz Trola^dl 



( 2003f) (middle, bottom panel of Fig. ^. This gives (/hi) = 0.65 or (/hJ 



2NH2/NH = 0.3j11|. The third step consists in the measures of the CO emission 
luminosity, Wcoi along the line of sight (right panel of Fig. [T]). We note here 
that the high Wco values (> 10 K) arise from the accumulation of several low- Ay 
components along the same Galactic line of sight. Moreover, CO is not reliably 
detected at low Eb-y (< 0.3 mag). The corresponding lines of sight are not 
used in our estimation because the Xqq factor is used to estimate the molecular 
column density only from the CO gas which is detected. In summary, we ob- 
tain (£'b-v) = 0.89 mag , (/hJ = 0.35 and (Wco) = 4.4Kkms~\ which give 
NHa/Wco — 2.04 X 10^''H2cm^^/(Kkms^^), i.e. the same mean CO luminosity 
per H2 in diffuse and dense gas! 



3 Why a common Nna/Wco conversion factor for diffuse and dense 
gas? 

To understand this result, we write 



(^) (^) . (3.1) 



Wco \Nco/ \WcoJ 

where the Nna/Nco ratio comes from the CO chemistry while the Nco/Wco 
comes from the radiative transfer through the cloud structure. 

In diffuse gas, more t han 90% of the carb on is locked in C"*", which implies that 



(NC0/NH2) = 3 X 10"^ (jBurgh et allbOOTI) . In addition, the gas is subthermally 



excit ed. Large velocity gradient radiative transfer methods (|Goldreich fc Kwanl . 
I1974J ) thus show that 1) Wco /Nco is large because of weak CO excitation in warm 
gas (60-100 K), and 2) Wco oc Nco until the opacity is so large that the transition 
app roaches ther malization. We thus obtain Nco /M^CO — 10^^COcm~^/(Kkms^^) (see 
also lLiszd . r2007t ). 

In dense gas, all the carbon is locked in CO, i.e. (NC0/NH2) = 10~''. As 
a consequence, NH2/W30 = est and Wco oc Nco- A constant Xco factor thus 
implies that Wco Nco • We interpret this as a bulk effect in a turbulent medium, 
i.e. the medium is macroscopically optically thin because of the large velocity 
gradients due to turbulence. 

In summary, the change of chemistry from diffuse to dense gas is compensated 
by the inverse change of the radiative transfer, giving the same A^co factor. 



^Others measured in diffuse gas gives 0.25 < /h, < 0.45, whicti implies a 30% overall uncer- 
tainty on the method. 
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4 How to discriminate diffuse from dense gas? 

As ^^CO alone can not be used to discriminate between diffuse and dense gas, 
other tracers as molecules with higher dipole moments {e.g. HCO+, CS, HCN) 
are tried. However, they often are difficult to detect. We thus propose to use 
the CO isotopologues, i.e. the ratio of the ^^CO over the ^'^CO emission. In- 
deed, Ti2 nci/Ti3ra>. 10 — 15 in diffuse, warm gas because of the C"*" fractiona- 



tion (e.q.lLiszt fc Lucasl.ll998f l. while Ti2(jq/Ti3qq<^ 3 — 5 in dense, cold gas {e.g. 
Burton fc Gordonl . Il97a[) . 



5 What is the proportion of CO emission arising from diffuse gas in 
our Galaxy? 

We here aim at estimating the CO luminosity of the diffuse molecular gas per- 
pendicular to the Galactic plane from our absorption data for which the mean 
luminosity is (Wco) — 4.6Kkms~^. We assume that the gas is simply ordered in 
plane-parallel, stratified layers. The Mean number of galactic half-width along in- 
tegration path is then (1/ sin = 19.8, where b is the latitude of each line of sight 
of our sample. Wc thus obtain {Wco^ ) = 2 (Wco{b)) / (1/ sin\b\) = 0.47 K km s'^. 



The CO emission Galactic survey of lBurton fc Gordonl ()1978l) gives a mean CO 
brightness per kpc of 5Kkms^^/kpc at Rq = 8kpc. Assuming a single Gaussian 
vertical distribution of dispersion 60 pc, we obtain {Wco±) = 0.75 K km s""'^. This 
is a lower limit because we see large amount of CO emission outside area mapped 
by the Galactic surveys of the CO emission (mainly limited to the Galactic plane). 
Hence, a large fraction of the CO luminosity measured in Galactic surveys could 
come from diffuse gas. 

6 Conclusion: Interpreting a sky occupied by CO emission from diffuse 
gas 

The coincidence between the values of the Xco factor in diffuse and dense gas 
implies that the mass estimates computed with the standard value are correct. 
However, the underlying physical interpretation of the detected gas is very differ- 
ent. If the gas is dense: it will fill a small fraction of the interstellar volume; it will 
be confined by ram or turbulent pressure (if not gravitationally bound); and it is 
on the verge of forming stars. If the gas is diffuse: it is a warmer, low pressure 
medium filling a large fraction of the interstellar volume; it contributes more the 
mid-IR or PAH emission; and it is probably not gravitionally bound or about to 
form stars. 
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